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INTRODUCTION
Surface roughness adversely affects turbomachinery performance by increasing external heat transfer, and by increasing loss. Measured surface roughness for in service blades show a high degree of variability. It is useful to the designer to have an estimate of the effects of surface roughness on both heat transfer and aerodynamic performance. Data show that as the roughness height progressively increases, turbine vane transition moves forward on both the suction and pressure surfaces of the vane. Data, such as those of Arts [1] , show that a smooth vane can have laminar flow over much of the vane at moderate Reynolds numbers, even with relatively high inlet turbulence. When the boundary layer is not forced to be turbulent due to film cooling, understanding the interaction of surface roughness and transition is important. The change in blade surface heat transfer with transition is a very good indicator of transition start and length. Tests of a solid high pressure turbine vane are therefore valuable, even if the vane is film cooled when installed in an engine. Transition is typically not an issue for the first turbine stage, since the blades are generally film cooled. Arts [2] has shown that just the presence of film cooling holes causes transition to turbulent flows on the blade surfaces. In later stages, film cooling may not be used, and the Reynolds numbers are lower. Heat transfer may remain a concern if blades have only internal cooling. Hourmouziadis [3] showed nearly an order of magnitude decrease in Reynolds numbers between the high pressure turbine inlet and the last low pressure turbine stage. Predicting the performance of low pressure turbines is highly dependent on understanding transition, especially at cruise conditions, where laminar separation can cause severe loss penalties.
Surface roughness generally adversely affects blade row aerodynamic efficiency. Kind et al.
[4], Boynton et al. [5] , Bammert and Stanstede [6, 7] reported decreases in turbine efficiencies of up to several points due to surface roughness. Abuaf et al. [8] and Stabe and Liebert [9] showed that just polishing blade surfaces can improve efficiency. On the other hand Harbecke et al. [10] showed that profile loss was not increased until a critical roughness height was reached. Boyle and Senyitko [11] showed that high Reynolds number surface roughness doubled vane loss, but at low Reynolds numbers roughness improved aerodynamic efficiency. Roughness modified the Reynolds number and surface location at which separation occurred. To utilize surface roughness to improve low pressure turbine aerodynamic efficiency requires understanding of the effects of roughness on transition. To predict the efficiency decrement due to roughness at higher Reynolds numbers also requires understanding of the effects of roughness on the surface boundary layers.
There are two approaches to calculating rough surface boundary layers. The first is the Discrete Element Method, and is ideally suited to situations where the roughness geometry is known, and is regular and periodic. This method has been used by a number of researchers, and shown to give accurate results. Taylor et al. [12] , Hosni et al. [13] , and Stripf et al. [14] used this method to calculate rough surface heat transfer. McClain [15] extended the Discrete Element Model to account for random roughness, and McClain et al. [16] presented friction factor and heat transfer comparisons with data developed using roughness determined from actual blade measurements. The characteristics of measured turbine blade roughness vary widely, and a priori Discrete Element Model calculations need detailed information regarding the roughness characteristics.
The second, and older, approach to calculating rough surface boundary layers is to calculate the equivalent sand grain roughness. Several authors have proposed correlations to obtain the equivalent sand grain roughness. Among these are Sigal and Danberg [17] , Dvorak [18] , Simpson [19] , Dirling [20] ,van Rij et al. [21] , and Waigh and Kind [22] . Common to all these correlations is the requirement that the roughness image or trace be modeled as a roughness geometry, in order to obtain values for projected and windward areas. The correlation of Koch and Smith [23] only uses a statistical value from the roughness trace or image.
The Koch and Smith [23] correlation provides the simplest way of determining the equivalent sand grain roughness from the roughness image. The suitability of this correlation can be determined by using the statistical parameters of regular roughness geometries. A regular roughness geometry is one that is suitable for the Discrete Element Method. It was found that better agreement with the experimental data was achieved by a modification to the Koch and Smith correlation.
There are four parts to the work presented herein. The first determines a correlation for the equivalent sand grain roughness, ks, that is consistent with the experimental data of Stripf et al. [24] . The second part determines modifications to transition start and relaminarization criteria to yield heat transfer predictions consistent with the same experimental data. The third part compares heat transfer predictions using the proposed modifications with data to determine the applicability of the modeling to other data sets. The fourth part shows heat transfer and aerodynamic loss calculations at a unit Reynolds number consistent with current engine operating conditions. Even though both the determination of the equivalent sand grain roughness and the transition criteria are derived from the same data they are not wholly dependent on each other. If the reader prefers a different method of calculating ks, the coefficients in the transition criteria could be changed to yield the same results with different values for ks.
DISCUSSION of RESULTS Equivalent sand grain roughness
The roughness geometry used in the test of Stripf et al. [24] to measure vane heat transfer coefficients is shown in figure 1 . In their tests the height of the truncated cones, as well as the spacing between cones were varied. The dimensions of the roughness geometry is given in Table I . For all tests the vane axial and true chords were 53 and 94 mm. Data were obtained for variations in inlet turbulence intensity and Reynolds numbers. Figure 2 shows their measured heat transfer coefficients at an inlet true chord Reynolds number of 250,000. As the roughness height increases, the transition moves forward, towards the leading edge, for both the suction and pressure surfaces. Only at the highest roughness does the heat transfer appear to be fully turbulent over the entire vane surface. An important feature of these data is that roughness spacing has a very minor effect on heat transfer. A number of correlations have been proposed to calculate the equivalent sand grain roughness, k S . These correlations show that k S is strongly dependent on roughness spacing. These correlations for the ratio of k S to physical height are triangular in shape, with a spacing parameter that gives a maximum ratio. Closely spaced roughness elements are required to achieve the maximum value for k S . Stripf et al. [24] gave k S values using the correlation of Waigh and Kind [22] . This correlation predicted a strong effect due to spacing, such that the widely spaced roughness would have to have nearly twice the roughness height to achieve the same value for k S . Figure 2 shows that this is inconsistent with the experimental data. The correlation of Sigal and Danberg [17] has three regions, where a plateau separates the two legs of the triangle. At this plateau the ratio of k S /k = 8. When applied to roughness measurements of in service blades, a common feature of these correlations is that the roughness image or traces have to be transformed into a model geometry. 
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The correlation of Koch and Smith [23] uses only a statistical measure of the surface roughness, without requiring that a model geometry be constructed. This correlation gives k S = 6 . 2Ra. Table II gives statistical quantities Ra , R RMS, and skewness ( Sk ), of the roughness tested by Stripf et al. [24] . Also shown are k S values determined from the correlations of Waigh and Kind [22] , Koch and Smith [23] , and the present proposed correlation. Since the spacing affects the value of Ra , the correlation of Koch and Smith [23] shows a spacing effect not seen in the data. Table II also shows that as the spacing increases Ra increases, but the skewness of the roughness decreases. The three statistical quantities given in Table II are defined as:
where n equals the number of points in the roughness measurement, and is generally very large. 
Since the skewness, Sk , is related to RRMS, the Koch and Smith [23] correlation was modified to give a k S consistent with the data shown in figure 2. The revised correlation for k S is:
The coefficient of 6.2 was reduced to 4.3 based on the ratio of Ra to RRMS. The data in figure 2 and the statistics in Table II suggest that CSK is slightly less than one. However, for simplicity the constant CSK was set to 1.0. The requirement that Sk > 0 is not expected to be a difficulty. The measurements of Taylor [25] for the roughness of in service blades showed positive skewness for many cases. Bons et al. [26] measured vane surface roughness, and, except for spalled regions, generally found positive skewness values. Spalled regions gave negative skewness. A conservative approach would be to take k S as the maximum of k S = 4. 3R RMS ( 1 + Sk ), Koch and Smith[23] criterion of k S = 6 . 2Ra, or k S = 4.3RRMS. The reasonableness of this correlation is shown in figure  3 where the data shown in figure 2 are compared with fully turbulent calculations for several different equivalent sand grain roughness heights using the above expression for k S . Since the calculations are for fully turbulent flow, comparisons are meaningful only after transition is complete. Overall, the agreement in this region is good. The comparison for the highest roughness, where the measurements indicate nearly fully turbulent flow, shows very good agreement for both the pressure and suction surfaces.
A question which arises from the data in Table II is whether an equivalent roughness height of nearly a third of a millimeter is too high compared to actual measurements. Most data in the literature gives the roughness height in terms of Ra , and for comparison with Table II [29] calculated a k S value of 62µm for a turbine blade used in a utility power application. Just in terms of roughness height, the answer is that a roughness height of nearly a third of a millimeter is not excessive.
When Reynolds number effects are accounted for, even the highest roughness may not be sufficiently high. Bogard et al. [28] , in a low Reynolds number experiment, scaled up the measured roughness by a factor of 25 to account for Reynolds number effects. Since the roughness parameter, H+ , (sometimes referred to as Rek ), increases almost linearly with unit Reynolds number in turbulent flow regime, engine unit Reynolds numbers should be matched if the roughness height scale factor is one. The data of Stripf et al. [24] were obtained at maximum unit Reynolds number less than typically seen by the first stage vane at takeoff, or in an utility application. On the other hand, the unit Reynolds number decreases in later stages, where roughness transition is more likely to be a factor.
Heat transfer modeling assumptions
The data in figure 2 clearly show transition occurring for both the suction and pressure surfaces of the vane. The locations for transition are strongly dependent on the roughness height. Three modeling issues with respect to transition were investigated. The first was the start of transition. The second was the length of transition. The third was relaminarization. A number of approaches were examined for each of these modeling issues. Rather than detail all of the approaches taken, the modeling that gave gave better agreement with data. This term means that at high H+ values, the start of transition is independent of the local turbulence intensity. The roughness term was raised to the 1.25 power based on comparisons with the data, which show suction surface transition moving from near the trailing edge to near the leading edge as the roughness height increases by a factor of eight. The local turbulence intensity used in the transition start criteria was calculated using the work of Steelant and Dick [31] , where the local Tu is calculated from:
Calculations of the turbulence distribution within the vane passage using a k -w turbulence model was consistent with this approximation for the local turbulence intensity when the inlet length scale used in the calculations was small, Because of the accelerations through the vane passage, the maximum local turbulence intensity at the start of transition for the smooth vane was less than one percent. The data showed that this low turbulence intensity in the transition criteria was appropriate.
Transition length. In the base cases the transition length model was not modified to account for roughness effects. When modifications were made the spot production parameter, N, was increased by:
With CLT = 0 there is no modification to the transition length. The transition length model is the one detailed by Boyle and Simon [32] . It is a modification of the transition length model of Solomon et al. [33] to account for Mach number effects. It was shown to give good agreement with smooth blade heat transfer data for both stator, (Arts et al. [1] and Hylton et al. [34] ), and rotor test cases, (Arts et al. [35] ). It was found that the length of transition, as evidenced by the rough surface heat transfer data, was reasonably well predicted for many, but not all, cases without modifying the spot production parameter, N.
Relaminarization. Because much of the comparisons are at flow conditions where the favorable pressure gradients are strong enough to cause relaminarization, it was necessary to modify the relaminarization criteria. For smooth surfaces it is accepted that when the pressure gradient parameter, K, exceeds 3 x 10 -6 a turbulent boundary will relaminarize. Since data show that as the height of the roughness increases, the laminar pressure surface boundary layer becomes turbulent sooner. Heat transfer calculations. Comparisons are made with midspan heat transfer data, so that a two dimensional analysis is appropriate. Heat transfer and loss calculations were done using a quasi-3d Navier Stokes analysis. The solver used was the quasi-3D Navier-Stokes code RVCQ3D, run as a two dimensional analysis. This code has been documented by Chima [36] . C-type grids, typically 377 x 55, were used. Boyle and Simon [32] give a more detailed description of the analysis. The solutions were monitored to assure that convergence was achieved. An algebraic turbulence model described by Chima et al. [37] was used. It is a two layer model, and incorporates the Cebeci-Chang roughness model described in reference 38. This model increases the mixing length to account for roughness. The distance increment is given by: In the two equation k -w turbulence model roughness effects are accounted for by modifying the wall boundary condition on w. Two equation models are most applicable when flows are turbulent. Calculations were done using the k -w turbulence model only for fully turbulent cases. Calculations using the k -w model were similar to those shown in figure 3 , using the algebraic model. For each k S value the increase in heat transfer over the smooth calculation was nearly the same for both turbulence models.
When the flows were predicted to not be fully turbulent, the laminar viscosity was increased to account for the effects of high freestream turbulence. Ames et al. [39] described two turbulence models to augment laminar viscosity. Based on the results presented by Boyle et al. [40] , the Ames model without a leading edge correction was used.
IBaseline heat transfer comparisons.
In this section heat transfer comparisons are made with the cases used to determine the rough surface heat transfer modeling. In a subsequent section comparisons are shown for cases that were not used to determine the transition modeling. The models for rough surface transition and relaminarization have only a few parameters. The J number is far less than the number of cases that will be 0.12 shown in this section. The goal of the work is reasonable agreement for a wide range of cases. Because of the large number of cases, and the small number of parameters, it is unreasonable to expect perfect agreement for all cases.
Comparisons of predicted and measured heat transfer coefficients are given for three Reynolds numbers and two inlet turbulence intensities. Figure 4 compares predicted and measured heat transfer coefficients for an inlet true chord Reynolds number of 250,000 at inlet turbulence intensities of 4 and 8 percent. Since the transition modeling uses only a few parameters, it is note worthy that the agreement for the start of transition is good over the entire range of roughness heights. The agreement is reasonable for both the suction and pressure surfaces, where the streamwise pressure gradients are very different. The second highest roughness shows transition close to the leading edge for the suction surface, but nearly half way back on the pressure surface.
The analysis under predicts the heat transfer in the leading edge region. However, the predictions are in good agreement with pressure surface data, where the flow is laminar. The under prediction in the leading edge region is not due to roughness. Here the analysis under predicts the smooth surface heat transfer by more than the small increase in heat transfer due to roughness.
Figure 4 also shows a fully turbulent calculation for a smooth vane. The data show that the heat transfer rates J for the highest roughness can be nearly twice as great as 0.12 those calculated using the smooth fully turbulent assumption. However, at low to moderate roughness, a fully turbulent calculation can significantly overestimate the heat transfer rate.
Comparing figures 4a and 4b shows that the heat transfer distributions do not change significantly, even when the turbulence level doubles. The critical Reynolds number for the start of smooth surface transition decreases by nearly fifty percent when the turbulence level doubles. By multiplying the roughness term for the start of transition by a turbulence intensity factor, the agreement with data is improved. However, pressure surface transition at the highest roughness is predicted to occur further downstream than the data. This suggests that the exponent on the Tu term in the denominator for the start of transition should be more negative.
The question of whether the transition length correlation should be modified to account for roughness is complicated by the failure of the transition model to accurately predict smooth surface transition. For the smooth vane suction surface transition occurs in regions where the pressure gradient is very negative. At this Reynolds number the pressure gradient at the start of transition for the smooth surface is more negative than the pressure gradient data of Gostelow et al. [41] , which was used by Solomon et al. [33] to determine the value of the spot production parameter, N. The length of transition is very sensitive to negative pressure gradients. Figure 4a shows that an abrupt smooth suction surface transition was calculated for the 8% turbulence level. The transition length would increase if N were limited to a smaller value. The data of Gostelow and Walker [42] strongly indicate that extrapolating the correlation of Gostelow et al. [41] to more negative pressure gradients would overestimate the value for N. At the lower turbulence intensity, figure 4b, the start of suction surface transition is at an even more negative pressure gradient, because the critical Reynolds number for the start of transition is increased. At the lower pressure gradient the rapid increase in intermittency is appropriate. Fortunately, the question of whether the transition model should be modified to account for surface roughness is not dependent on extrapolating the database for the correlation of N. Where rough surface transition is seen for negative pressure gradient values, they are within the database used to correlate N. The form of the correlation for N is asymptotic for large positive values of the pressure gradient. Figure 5 shows the heat transfer comparisons for a lower inlet Reynolds number of 140,000 for the same two inlet turbulence intensities. Here the analysis shows the same trends as the data, and overall is in reasonably good agreement with the data. Transition is predicted somewhat earlier than is seen in the data, especially at the higher TuIN . Improved agreement with the data would be achieved by changing the coefficient in the transition start model, CST, from 0.05 to 0.033. However, the agreement with the data in figure 4 for the higher Reynolds number would not be as good. Other rough surface heat transfer comparisons.
Heat transfer comparisons were made for three other data sets, which were not used to deterine the modeling for transition. Each data set shows transition behavior in the heat transfer results.
Turbine rotor of Blair [43] . Figure 7 compares Stanton number predictions with those measured by Blair [43] at the midspan of a turbine rotor. Data was obtained in a large scale rotating turbine test facility. Figure 7 shows comparisons at the highest inlet Reynolds number of 580,000. Stanton numbers were given for a smooth surface, a near smooth surface, and a rough surface. Table III shows the roughness measurements from the reference both as absolute numbers, and as a fraction of axial chord. Only RRMS and the maximum-to-minimum roughness heights were given. At this Reynolds number the smooth data show that the pressure surface is laminar. The predictions for the smooth suction surface are lower than the data. The inlet turbulence intensity was estimated to be 5%. Surface distance, s/CX Fig. 7 Comparison with rotor data of Blair [43] Increasing TuIN improved agreement for the smooth suction surface, but increased pressure surface heat transfer. The near smooth data showed transition occurring midway along the pressure surface. A kS of 27 gave H + values less than 5, so that the predicted heat transfer did not change from the smooth surface prediction. Since increased heat transfer is seen in the data, kS > 4 . 3R RMS should have been used. Perhaps the near smooth roughness had positive skewness. Interestingly, good agreement with the near smooth data is achieved when relaminarization is suppressed.
The rough surface data and predictions show that transition occurred close to the leading edge. The rough surface kS value was estimated using the near smooth RRMS value and the ratio of maximum to minimum heights. Clearly, this is a some what crude approximation. Nevertheless, the agreement is reasonably good, and improves when kS is increased by 50%. A prediction is also shown using the k-omega turbulence model. Except for the leading edge region, these results agree well with the data, and are an improvement for the rear portion of the suction surface. Turbine vane of Boyle and Senyitko [44] . Figure 8 compares measured and predicted Nusselt numbers for the data of Boyle and Senyitko [44] . The roughness characteristics for four measurements are given in Table IV . Calculations were done with k S = 88µm. The data in figure 8 clearly show transition occurring midway along both the pressure and suction surfaces. The axial chord was 52 mm. Even though the axial chord Reynolds number is over a million, and the average RRMS /CX was 0.00036, the measured inlet turbulence was only 1%. Figure 8 shows that at this low turbulence intensity smooth surface calculations predicted laminar flow for all of the pressure and suction surfaces. A smooth fully turbulent calculation gave heat transfer rates much greater than seen in the rough surface data over the forward portion of both the suction and pressure surfaces. The fully turbulent rough surface calculation gave heat transfer rates much greater than the data over most of the suction and pressure surfaces. Towards the rear of both surfaces the agreement between the calculations and data is good. This indicates that the k S value determined from the roughness statistics is appropriate.
Rough surface heat transfer predictions using the baseline value CST = 0 . 05 showed early suction surface transition, and no pressure surface transition. Decreasing C ST by 20% gave good agreement with the start of suction surface transition. The variations of k S seen in Table IV are about 10%. Decreasing CST by 20% was the equivalent of decreasing k S by 21%.
Even with CST = 0 . 04 the calculated suction surface transition length was longer than seen in the data. Increasing CLT from 0 to 0.071 showed good agreement for the suction surface transition length. However, this calculation still did not show pressure surface transition consistent with data. A CLT = 0 . 42 was needed to yield pressure surface heat transfer consistent with the experimental data. However, this same calculation gave very poor agreement with the suction surface data, due to rapid transition near the leading edge. The start of transition was not changed. But, suction surface transition began in a region of strong favorable pressure gradients. Consequently, the calculated transition length with CLT = 0 was very long. Figure 9 compares the measured and predicted heat transfer for this case. Even though these data were not used to develop the roughness transition models, the agreement between the calculations and measured data is good. The calculations were done with no modification of the transition length due to roughness. The results indicate that none was needed. Figure 10 compares results for different roughness spacing. As seen in Table V the proposed correlation for k S has little variation among the three cases with the same roughness height. The data in figure 10 shows a dependency on roughness spacing. As seen in Table V the variation of Ra values is consistent with the the experimental data, in that smaller Ra values give lower heat transfer. However, just using k S = 6 . 2Ra does not give good agreement with the data. The value of H + are too low.
Turbine blade of Stripf [45] . A second series of tests were run with roughness elements similar to those in the tests J used to determine the roughness transition models. Table   2 .5 V gives roughness characteristics for the cases. The cases labeled L27a, L27b, and L27c had the same roughness heights, but different spacing between the elements. The different spacings result in different values of the roughness statistics. [45] .
Increasing CST from 0.05 to 0.10 to adjust the start of transition when using the Koch and Smith correlation does not give good agreement with the data. It could be argued that a coefficient slightly less than one should be applied to the skewness term. If this is done the coefficients in the roughness models should also be adjusted. Except for specialized test cases, roughness typically exhibits noticeable variations when measured at different blade surface locations.
Extension to higher Reynolds numbers.
In typical engine applications the Reynolds number may be significantly higher than those used for data comparisons. A series of calculations were done with the same physical roughness, but at a higher Reynolds number. When the Reynolds number was increased, calculations were done for two exit Mach numbers. The lower one, (M2 = 0.55), is the same as for the highest Reynolds number tested by Stripf et al. [24] . Since the same geometry was used, the vane loading moved aft as the Mach number increased. The vane isentropic Mach number distributions for both exit Mach numbers are shown in figure 11 . The higher Mach number results in a very aft loaded vane. This is a consequence of the vane not being designed for this high subsonic Mach number. The results for M2 = 0.9 are presented because the distribution is not unlike the midspan distribution seen when there is an appreciable decrease in the span between the leading and trailing edges. The rapid shock like decrease in Mach number, and consequently rapid diffusion, is a result of the blade profile. The axial chord Nusselt number distributions for a range of roughness heights are shown in figure 12 . Nusselt numbers are shown for a vane exit unit Reynolds number of 300, 000cm − 1 . The value is less than what is typical for a first stage vane of a high pressure turbine. A unit Reynolds number in this range is appropriate for the second stage vane, which may or may not be film cooled. The unit Reynolds number of 300, 000cm − 1 is nearly twice as great as the highest Reynolds number tested by Stripf et al. [24] . For the smooth surface, the distance from the leading edge at which suction surface transition is seen nearly doubles as the exit Mach number is increased. This is the result of the aft loading at the higher exit Mach number. At both exit Mach numbers the smooth pressure surface remained almost entirely laminar.
At both exit Mach numbers the effect of increasing surface roughness is to move the location of the start of suction surface transition forward, towards the leading edge. The higher exit Mach number, with the aft loading, shows that a higher k S value is required for transition to start at the same surface location. Except for the smallest roughness heights, pressure surface transition is very similar at both Mach numbers. Relaminarization is not an issue, and once a critical roughness height is reached, transition to turbulent flow occurs close to the leading edge. For small roughness heights pressure surface transition behaves similar to suction surface transition.
Because the calculations shown in figure 12 are not compared with experimental data, it is useful to relate these results to those presented in the literature in a qualitative manner. This is done to show the reasonableness of the modeling presented herein. Abuaf et al. [8] examined the effects of small roughness on vane heat transfer and aerodynamic efficiency. Their exit vane axial chord Reynolds number varied between 6 . 8 x 105 and 2 . 3 x 106 .
The inlet turbulence intensity was 14%. Their maximum R a value was 2 . 33µm, but the axial chord was only 4.8cm.
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The vane was forward loaded, and at the lowest Reynolds number suction surface transition occurred just upstream of the peak isentropic Mach number. Roughness was not a factor in in transition at the lowest Reynolds number. As the Reynolds number increased, the vane with Ra = 2 . 33µm, (k S ,: 15), was seen to move transition closer to the leading edge. At the highest Reynolds number transition was seen at the leading edge. Pressure surface transition was not affected by roughness, but was turbulent for nearly 80% of the surface distance. In the turbulent region the heat transfer rates increased approximately 10 to 15 percent as a result of surface roughness.
The importance of roughness in terms of aerodynamic losses is illustrated in figure 13 . The loss coefficient, Y is calculated from: Y = P IN,t -P 2,t PIN,t -P2 Figure 13 shows the loss coefficient, Y, as a function of k S . At the highest equivalent height, the loss coefficient nearly doubles, and approaches an asymptotic value. The increase in smooth surface loss for the higher exit Mach number remains even as the surface roughness increases.
The data show that an important parameter is H + .
In fully turbulent flow H+ is nearly proportional to the Reynolds number. Therefore, doubling the unit Reynolds number results in a similar loss distributions, but with the abscissa in figure 13 reduced by half.
CONCLUDING REMARKS
An approach to calculating an equivalent sand grain roughness has been given. This approach is consistent with experimental data in that the weak effect of roughness spacing is accounted for. This approach uses only statistical quantities, which are readily available from roughness measurements. When the calculated k S values were used with either an algebraic or a k -w turbulence model, heat transfer rates were in good agreement with data in the fully turbulent regions.
Two-dimensional calculations were done to determine criteria for transition and relaminarization that were reasonably consistent with experimental data. Both calculations and data show heat transfer rates much less than for fully turbulent flow at small roughness heights. For high roughness heights heat transfer rates were nearly double those for the fully turbulent smooth flow. This simplified approach gave reasonable agreement with data for most of the cases examined. There were two prominent exceptions. Both involved the blade pressure surface. The data for the near smooth case of Blair showed that a roughness with a calculated H+ < 5 appeared to cause a laminar boundary to become turbulent. In the second case a vane tested with low inlet turbulence exhibited rapid transition midway along the pressure surface. This was not predicted by the analysis, and further work in this area is needed.
Using the modification to account for roughness on the start of transition, calculations were then done for a unit Reynolds number of 300, 000cm − 1 . This is representative of the second stage of a high pressure turbine. For good cycle efficiency the second stage vane might not be film cooled, and accurate transition predictions would be important. Vane loading was seen to be an important parameter. Aft loading delayed transition, both for smooth and slightly rough surfaces. Even at this moderately high Reynolds number, smooth and slightly rough surfaces had heat transfer rates significantly less than for the fully turbulent calculations. On the other hand, high roughness levels showed heat transfer rates far greater than those calculated for fully turbulent flow.
The effects of surface roughness on losses were also examined. The smooth aft loaded vane had a greater predicted loss than the forward loaded vane. Loss levels approached asymptotic values nearly twice that of the smooth vane as k S increased.
